The oxalates of cobalt and nickel are very sparingly soluble in water, and they have also been described as being but slightly soluble in excess of an oxalate solution. In apparent contradiction of the latter statement it is found that double oxalates of these metals with the alkali metals have been isolated and described by various investigators and solutions of these double salts are frequently used for the electrolytic estimation of the metals.
method of Bodländer 1 ) which depends on measurements of electromotive force and 2. The measurement of the increase of solubility of the insoluble salt in solution of various concentrations of an alkaline salt of the same acid.
It has not been found possible to use the first method, as constant and reproducible values for the EMF could not be obtained for any cell containing cobalt or nickel as one electrode. The size and previous treatment of the metals was modified in various ways but without success, the best results being obtained with stout wires of cobalt or nickel which were surrounded with a considerable quantity of the same metal in the state of powder. With such electrodes it was possible to reproduce results to within a few millivolts; but, as the method depends on the measurement of an EMF of the order of magnitude of 10 or 20 millivolts, it is obvious that no satisfactory conclusion could be drawn from such measurements.
A series of experiments in which electrodes of the third kind were employed was no more satisfactory and the attempt to apply Bodländer's method was therefore abandoned.
The theory of the second method is briefly as follows: If the equilibrium in solution is such that the complex ion is formed according to the equation and if excess of CbC204 bo present so that its active mass is constant, we have for equilibrium the relation
In such a solution let A represent the total concentration of oxalate radical and C that of the cobalt (or nickel), then, since the solubility of the cobalt oxalate in water is exceedingly small, we are justified in considering the dissolved cobalt oxalate to be practically entirely present as complex ion or molecule: but each of the latter contains n atoms of cobalt and therefore the concentration of the complex ion (if the com-Q plex salt is assumed to be nearly completely ionised) is -·
In the same way, since each complex molecule or ion contains m + η oxalate groups and the number of such groups is -the total be evaluated by trial.
Experimental.
In order to measure the equilibrium a quantity of the solid cobalt or nickel oxalate was shaken for a prolonged period with a solution of potassium oxalate in a constant temperature bath. Samples of the solutions were removed and analysed at intervals of a few days or weeks as was indicated in each experiment. The total oxalate was estimated by titration with a standard solution of potassium permanganate, and the cobalt or nickel by electrolytic deposition from a solution containing a large excess of ammonium oxalate. The attempt to estimate the dissolved cobalt or nickel oxalate as the difference between the initial and final concentration of the oxalate radical was unsuccessful on account of the formation of solid solutions of potassium oxalate in cobalt oxalate.
The chemicals used were the oxalates of potassium, cobalt and nickel, each of which was submitted to processes of purification.
Several samples of potassium oxalate were found to be very alkaline in reaction, such were purified by repeated recrystallisation from water; the crystals were finally drained and dried.
All the available cobalt salts were found to be contaminated with nickel, and were therefore purified by the following process.
Potassium cyanide was added to the solution of cobalt chloride until the precipitate of cobalt cyanide which was first formed had redissolved. Solid caustic soda and bromine were then added alternately until there remained a permanent bromine colour and the solution was alkaline. The resulting very bulky solution was then boiled and after standing for 24 hours the precipitated nickelic oxide was removed by filtration. The fíltrate was then evaporated nearly to dryness and the potassium cobalticyanide decomposed by heating with strong sulphuric acid, excess of the latter reagent being finally removed and the cobalt precipitated as carbonate by means of solid sodium carbonate
The cobalt carbonate was then dissolved in the least possible ijuantity of hydrochloric acid and the oxalate precipitated from this solution by a concentrated solution of oxalic acid. The pink precipitate of cobalt oxalate was finally removed by filtration, washed thoroughly with distilled water and dried.
The cobalt oxalate was found to differ in appearance according to the manner in which it was dried. Samples left in air dried to a tawny salmon pink powder which on prolonged standing in the dry atmosphere of on Australian summer slowly changed into a bright pink compound. Samples dried in a desiccator over sulphuric acid changed more rapidly into the same compound, and the same change occurred rapidly at 100° in an air bath.
Analyses of these two salts gave the following result. Just as in the case of the cobalt salts the nickel salts were found to be contaminated with cobalt, and a quantity of cobalt-free nickel oxalate was prepared by the following process.
The solution of nickel sulphate which had an acid reaction was neutralised with barium carbonate and the filtered solution shaken thoroughly with bromine water. By this means cobalt was precipitated probably as hydrated cobaltic oxide: this was removed by filtration and the filtrate boiled in order to get rid of the bromine which was present in excess.
To the solution of purified nickel sulphate thus obtained a concentrated solution of oxalic acid was added and the precipitated nickel oxalate washed thoroughly with distilled water and dried in air.
Analyses of this compound gave the following results: Ni = 29-7 and 30-25°| 0 0,0, = 44-71 and 45-2°/ 0 .
Calculated for
NiC i O i : Ni = 29-3 C 2 0., = 43-8
The cobalt oxalate complex.
In the case of both cobalt oxalate and nickel oxalate the interpretation of experimental results was extremely difficult in the early stages on account of the formation of solid solutions of potassium oxalate in the oxalate of the heavy metal.
The occurrence of this solid solutiou was shown in the case of the cobalt oxalate by the fact that in dilute solutions of potassium oxalate the concentration of the oxalate radical diminished simultaneously with the solution of the cobalt oxalate, whilst in more concentrated solutions the increase in cobalt concentration was always greater than that of the oxalate, both these phenomena indicating a removal of potassium oxalate from solution. In experiments carried out at 25° the rate of this removal was slow and its amount small, varying in value from 006 to. 01J grammols per litre during the progress of different experiments.
Other difficulties of interpretation were traced to the use of different hydrates of cobalt oxalate as insoluble salt, and were avoided by the subsequent use of the 2// 2 0-salt only. Table l 1 ).
Equilibrium between cobalt and potassium oxalates at 25°. KB calculated for and if the not improbable assumption is made that the complex salt is only slightly more ionised than the simple one we may use throughout the values for the ionisation of potassium oxalate. Constants which have been calculated in thie manner lead to exactly the same conclusions as to the nature of the complex as those arrived at by the use of the simple formula, and the latter has therefore been preferred as involving no such assumption as to the magnitude of the ionisation coefficiente.
The results of the measurements are given in tables 1, 2 and 3.
In In experiments 9, 11, and 12, which are tabulated in table 3, the equilibrium has been approached from the more concentrated side. In these experiments solution of cobalt oxalate was accompanied by a very considerable fall in the concentration of the oxalate, and the simultaneous formation of a new solid phase could be clearly seen.
Although the initial concentration of potassium oxalate differed considerably, all the experiments show a fall and converge towards a common value. This final, value, which is probably not quite reached, must lie at the point of intersection of the solubility curves of the cobalt oxalate and of the potassium cobalt oxalate. That the values are not identical in the three experiments may perhaps be attributed to the extreme slowness with which the equilibrium condition is reached at 25°.
Some of the experiments showed slight concentration changes even after they had been shaking for seven months.
The equilibrium is reached with much greater rapidity at 49° and éorrespondingly we find that the calculated constant for m = 2 and η = 3 is much better at the higher than at the lower temperature. At the higher temperature no formation of solid double oxalate could be observed up to the highest concentrations employed, but it was found that the potassium oxalate concentration diminished with time in the same manner as, but at a greater rate than at the lower temperatures. The accompanying summary will show that the amount of potassium oxalate disappearing from solution is roughly proportional to its total concentration, a behaviour which is in accordance with the conclusion that the fall is due to the formation of a solid solution. The formation of a solid solution would also help to account for the variation in the observed constant since the active mass of the cobalt oxalate would probably vary slightly with the amount of dissolved potassium oxalate.
Crystals of the double oxalate were obtained by allowing three of the most concentrated solutions at 49° to cool slowly, the crystals were well drained, dried in the air, and analysed, with the result that all three samples were found to have the same composition.
The mean of five very concordant analyses was as follows: It thus appears that in addition to the complex (K2C2Oi)i(CoCî04)3 there must be present in solution a certain amount of a compound in which the ratio of potassium oxalate to cobalt oxalate is unity.
The crystallised double oxalate is immediately decomposed into its components by treatment with water.
The nickel oxalate complex.
The equilibrium in the case of the nickel salt was attained much more rapidly but with even greater difficulty than that of the cobalt, and an extensive series of analyses was necessary in order to throw light on the behaviour of the solutions.
In the majority of the experiments two distinct equilibria, which will be referred to as maximum and minimum equilibria, were obtained at different times. Early experiments were quite unintelligible ra account of the extreme apparent inconsistency of the results, whi2h tu some extent were similar to those already described for the cobalt oxalate.
In very dilute solutions the solution of nickel was accompanied by a slight fall in the total concentration of the oxalate, the magnitude of the fall being, as in the case of the cobalt, approximately proportional to the initial concentration of the oxalate.
In more concentrated solutions there was a very rapid rise in the nickel concentration accompanied in all cases by a smaller rise ir. that of the oxalate. After passing through a maximum both the nickel and the oxalate fell slowly and finally reached a constant minimum value. The ratio of the fall in nickel concentration to that of the oxalate was about 0-5 in the two most concentrated solutions at 25°, but was equal to or greater than 1-0 for all other solutions. This rise and fall in concentration is well illustrated by experiment 9, the results of vhich are given in full in table 4. The following appears to be the correct explanation of the observed phenomena.
The slight fall in potassium oxalate concentration is, like the similar fall in the case of the cobalt solutions, to be attributed to the previously mentioned solid solution of potassium oxalate in nickel oxalate, this also accounting for the fact that the rise in oxalate concentration is always less than the rise in that of the nickel. The rapid fall in the nickel and oxalate concentrations in experiments 9 and 10. in which two molecules of oxalate leave the solution for every atom of nickel, is to be attributed to the deposition of a complex double oxalate of the composition
It is probable that were time available the final concentration of these two solutions would be found to lie the same and would yield a value corresponding to the point of intersection of the solubility curves of the nickel oxalate and of the complex of the above formula: a point similar to that actually realised fur the cobalt salt. In the remaining experiments, in which the fall in oxalate concentrations was equal to or less than that of the nickel, there probably occurred a slow transformation of the solid nickel oxalate into some other hydrate or into another modification of the same hydrate. The solubility of the transformation product, presumably the more stable form, would necessarily be less than that of the original compound and therefore, when the solution is in equilibrium with the more stable form, the value of the constant would be proportionally less, since it contains Β the value of the active mass (i. e. solubility) of this substance as a factor, or the constant at the minimum value is found to be less than that at maximum. That this is the correct explanation of the occurrence of two equilibria is further confirmed by experiments 13 and 16, in which the washed residue from former experiments which had reached the minimum was used as the solid phase; in these experiments one equilibrium only was obtained which corresponded with the minimum value in other experiments.
The results are summarised in tables δ, 6, 7, and 8, from which it will be seen that as in the case of cobalt oxalate the most constant values are those calculated on the assumption that the formula of the complex which preponderates in solution is (if 2 C 2 0 4 ) 2 (NiC\ 0 4 ) 3 . Table 7 .
Equilibrium at minimum between potassium and nickel oxalates at 25°.
KB calculated for Expt. Table 8 .
Λ V
Equilibrium between same salts at minimum at 49°. There remains, as in the case of the cobalt, the possibility that a certain amount of a compound of the formula (K2C2Oi\{NiC2Oi)2 may be present.
KB calculated for
The experiments show conclusively, however, that whether the number of molecules of nickel oxalate in each complex ion be two or three, there is no doubt that the number of oxalate radicals is two, and this fact affords a sufficient explanation of the apparently contradictor)' statements to which reference was made at the beginning of this paper. At low concentrations the complex oxalates of cobalt and nickel are very largely dissociated into their constituent simple salts, and correspondingly the simple oxalate whether of cobalt or nickel is only slightly soluble in an excess of diluted potassium oxalate. In more concentrated solutions, however, the amount of dissociation is less, and accordingly in stronger solutions of potassium oxalate the cobalt or nickel oxalate is soluble with formation of the complex salt.
A few measurements of the conductivity of solutions of different strength were made with the object of determining the relative magnitude of the conductivities of the simple oxalic and complex ions.
In a solution of potassium oxalate the total concentration of which is represented by c, the specific conductivity χ is given by χ = acu + acr (1) where a = the ionisation coefficient, and u and ν = the specific ionic conductivities of the potassium and oxalate ions respectively. In the same manner, for a solution of the same concentration of potassium ions but containing dissolved nickel oxalate, the specific conductivity is
where c, a and v', respectively represent the total concentration, ionisation coefficient, of the complex molecule and the specific ionic velocity of the complex ion. If the approximation be made that a = a, an approximation which will be shown later to be not far from the truth, equation (2) becomes
and from (1) and (3) Ave got
The difference iu specific conductivity between two such solutions appears therefore to be proportional to the concentration of the complex molecule and to the difference between the average velocities of the simple and complex oxalate ions. results of the measurements which are tabulated in table 9 show that the average velocity of the complex is much less than that of the simple ion. A result which must be attributed to the lower specific conductivity, since a is almost certainly greater than a, in accordance with the generally found relation between the ionisation of a simple ion and that of a complex formed from it by the addition of a neutral molecule.
Qualitative information as to the relative change in ionisation with dilution of the simple and complex oxalates was obtained by compara-ti ve measurements of the nickel content and the colour intensity of a series of solutions.
The results of such measurements are given in table 10. It is apparent that the colour is not proportional to, but rises more slowly than the nickel concentration, from which behaviour the conclusion must be made that it is due to the complex ion and not to the undissociated molecule. If this be so then the change in ionisation with dilution can be calculated and compared with the corresponding change which occurs in a solution of potassium oxalate of the same concentration.
It we assume that a and a are the ionisation coefficients of potassium oxalate and of potassium nickel oxalate of the concentration 0 0398, then the values of the coefficients for the other concentrations are as follows: from which it will be seen that corresponding to the supposed greater ionisation of the complex salt the change in a is much less than that in a. That the increase in ionisation due to complex formation cannot be very great is evident from the fact that the value for α of a 0-04 solution of potassium oxalate is 0-822, whilst that of a similar solution of so strongly ionised a salt as potassium nitrate is only 0-89.
Summary.
In the foregoing paper the behaviour of cobalt and nickel oxalates in solutions of potassium oxalate has been studied and it has been shown that solid solutions containing potassium oxalate are formed with botli salts. When the solid oxalates of cobalt and nickel are shaken with concentrated solutions of potassium oxalate, solution occurs accompanied in both cases by the deposition of a solid double salt of the formula K t C 2 O i . Xi C t O i or λ; C 2 0,. Co C 2 0 4 .
The equilibrium constant has been measured at 25° and at 49° and has been shown to increase with rise in temperature in the case of cobalt and to decrease with rise of temperature in the case of nickel.
The complex which preponderates in solution is the same in both cases, being represented by the formula (K 2 C 3 O i ) î (NiC î O i ) 3 . Two equilibria have been realised in the case of the nickel salt, each corresponding to the presence of a definite hydrate or other modification of nickel oxalate.
The degree of ionisation of the complex nickel salt has been shown to be probably greater than that of the simple oxalate, its ionic velocity on the other hand has been shown to be less.
